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� Compost application in Cu-
contaminated soil did not influence
microbial diversity.

� Compost shifted the composition and
structure of soil microbial
communities.

� Microbial communities were
influenced by the improvement of soil
properties.

� Microbial taxa involved in N cycling
were particularly influenced by
compost.

� Phytomanagement positively
influenced soil microbial
communities in the long-term.
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a b s t r a c t

At a former wood preservation site contaminated with Cu, various phytomanagement options have been
assessed in the last decade through physicochemical, ecotoxicological and biological assays. In a field trial
at this site, phytomanagement with a crop rotation based on tobacco and sunflower, combined with the
incorporation of compost and dolomitic limestone, has proved to be efficient in Cu-associated risk miti-
gation, ecological soil functions recovery and net gain of economic and social benefits. To demonstrate
the long-term effectiveness and sustainability of phytomanagement, we assessed here the influence of
this remediation option on the diversity, composition and structure of microbial communities over time,
through a metabarcoding approach. After 9 years of phytomanagement, no overall effect was identified
on microbial diversity; the soil amendments, notably the repeated compost application, led to shifts in
soil microbial populations. This phytomanagement option induced changes in the composition of soil
microbial communities, promoting the growth of microbial groups belonging to Alphaproteobacteria,
many being involved in N cycling. Populations of Nitrososphaeria, which are crucial in nitrification, as well
as taxa from phyla Planctomycetacia, Chloroflexi and Gemmatimonadetes, which are tolerant to metal con-
tamination and adapted to oligotrophic soil conditions, decreased in amended phytomanaged plots. Our
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study provides an insight into population dynamics within soil microbial communities under long-term
phytomanagement, in line with the assessment of soil ecological functions and their recovery.

� 2019 Elsevier B.V. All rights reserved.
1. Introduction

Long-term phytomanagement of metal(loid)-contaminated
soils can (1) reduce soil phytotoxicity, promoting ecological soil
functions while preserving the soil resource (Quintela-Sabaris
et al., 2017; Mench et al., 2018), and (2) produce raw materials
for local biomass processing technologies and incomes for the local
communities (Mench et al., 2010; Evangelou et al., 2012; Witters
et al., 2012; Van Slycken et al., 2013; Cundy et al., 2016). This
was notably shown for Cu-contaminated soils due to mining and
wood preservation activities (Kidd et al., 2015; Touceda-González
et al., 2017a,b; Mench et al., 2018), which are often characterized
by unfavourable soil properties, e.g. lack of structure with low
OM content, low nutrient availability and acidic pH (Mench and
Bes, 2009; Bes et al., 2010; Hattab-Hambli et al., 2016; Oustriere
et al., 2016).

The Biogeco site (a former wood preservation site, St-Médard
d’Eyrans, France; Cu-contaminated soils) has received a lot of
attention with the aim of demonstrating the benefits of long-
term phytomanagement (Kolbas et al., 2011; Kumpiene et al.,
2011; Marchand et al., 2011; Hattab-Hambli et al., 2016;
Oustriere et al., 2016; Mench et al., 2018). Here, soil amendments,
i.e. a single incorporation of compost combined with dolomitic
limestone in year 1 (OMDL) and this OMDL treatment followed
by compost application renewed in year 6 (OM2DL), and high
yielding crops (sunflower, tobacco) improved soil organic matter
(OM) and nutrient contents, soil pH and CEC and sustainably
decreased Cu availability in year 9 (Mench et al., 2018). Both OMDL
and OM2DL treatments led to higher shoot DW yields and Cu
removals than the untreated treatment (UNT). Similarly, at the
Touro site, NW Spain, compost incorporation into Cu-rich mine
tailings, in combination with planting of Salix spp., Populus nigra
L. and Agrostis capillaris L, improved soil properties, i.e. pH, CEC
and fertility, and decreased soil Cu availability, which notably pro-
moted the growth of Salix viminalis L. and A. capillaris (Touceda-
González et al., 2017a).

Beside crop biomass and soil physico-chemical properties, there
are increasing evidences that phytomanagement, combined with
soil amendments, can influence soil microbial communities in
the long term. Soil microorganisms are pivotal in the delivery of
numerous soil functions and underlying ecosystem services and
the success of any gentle remediation option (GRO), such as phy-
tomanagement, should be evaluated in terms of soil function
recovery, through the assessment of soil microbial properties
(Epelde et al., 2009; Kumpiene et al., 2009; Burges et al., 2018).
Phytomanagement increased soil microbial biomass and activity
at three out of six field trials with metal(loid)-contaminated soils
across Europe, obtaining the most pronounced effects at the Bio-
geco site (Touceda-González et al., 2017b). At this one, enzyme
activities involved in the biogeochemical cycles of C, N, P, and S
were 2 to 11-fold higher in amended soils as compared to
untreated soils. Furthermore, according to Touceda-González
et al. (2017b), changes in specific phylogenetic microbial groups
could be more responsive and informative about the effect of phy-
tomanagement on microbial communities than those observed in
the community as a whole. In this respect, phytomanagement also
induced shifts in the microbial community structure and increased
the abundance of genes involved in the N cycle (nirK, nirS, nosZ, and
amoA). Similarly, at the Touro site, both compost-amendment and
plant root activity induced shifts in the bacterial community struc-
ture in year 3, along with enzyme activities stimulation (Touceda-
González et al., 2017a).

Other datasets were gained at the Biogeco site, over time and in
field trials with various plant covers. Biochemical activity and
functional gene diversity were studied in field plots revegetated
with a mixed stand of willows, black poplar, and false indigo bush,
and amended or not with OMDL (Lagomarsino et al., 2011; Xue
et al., 2018). In year 6, the OMDL treatment reduced Cu availability
and soil toxicity, and increased microbial biomass and activity, as
well as microbial functional diversity, including genes encoding
for metal resistance, as compared to the unamended soil (UNT)
(Xue et al., 2018).

Considering the key role of microbes in soil ecological pro-
cesses, larger, biochemically more active and genetically more
diverse microbial communities, as observed in above-mentioned
studies, could suggest the recovery in soil functioning with phy-
tomanagement. At the Biogeco site, one remaining question is
the influence of the vegetation cover and soil amendments on soil
microbial communities over time. Gathering long-term data based
on evidence from the field is essential to demonstrate the sustain-
ability and efficiency of phytotechnologies (Mench et al., 2010;
Kidd et al., 2015; Cundy et al., 2016). Here, we decided to con-
tribute to the monitoring of microbial communities in long-term
phytomanaged sites with a metabarcoding approach. We assessed,
at year 9, the effect of an application of compost and dolomitic
limestone, with and without a renewed compost application, and
annual rotation crop on the diversity, composition (the presence
or the absence of microbial taxa) and structure (the relative abun-
dance of the microbial taxa) of soil microbial communities.

2. Materials and methods

2.1. Site and experimental design

The wood preservation site (about 10 ha, only 2 ha remaining in
activity) is located at Saint-Médard d’Eyrans, Gironde, SW France
(N 44�43.353, W 000�30.938) with a temperate Atlantic climate
(variable mean rainfall and temperature; in 2017: 736 mm,
14.4 �C). Site history, soil characterization and zoning of soil eco-
toxicity were previously reported (Mench and Bes, 2009; Bes
et al., 2010; Kolbas et al., 2011). Plant communities were charac-
terized in Bes et al. (2010). Copper is the major inorganic contam-
inant in topsoil at the P1-3 sub-site with a high spatial variation
(163–1170 mg Cu kg�1), while As, Zn, Cr and other metal(loid)s
were at their background levels, and some polycyclic aromatic
hydrocarbons (PAH) reached high concentrations (in mg kg�1 soil
DW): fluoranthene (1.9), indeno[1,2,3-cd]pyrene (0.95), benzo[g,
h,i]perylene (0.8), and benzo[b]fluoranthene (0.8) (Mench and
Bes, 2009; Kolbas et al., 2011). Soil texture is sandy, i.e. 85.8% sand,
5.9% clay, and 8.3% silt, with 1.6% OM, C/N 17, soil pH 7, and a low
CEC (3.5 cmol kg�1) (Kolbas et al., 2011).

The field trial, located at the P1-3 sub-site, consists of 4 blocks
(2 m � 10 m): B1, B2, B3 and B4 (Fig. 1). In March 2008 (year 1),
plots in B1, B2 and B3 were amended with compost (5% w/w, made
from poultry manure and pine bark chips) and dolomitic limestone
(0.2% w/w). The amendment was mixed in the topsoil (0–0.25 m)
with a stainless steel spade after soil loosening (Marchand et al.,
2011). In 2013, a second compost dressing (5% w/w, made with



Fig. 1. Spatial variability of (a) total soil Cu (mg Cu kg�1 DW), and (b) 1 M NH4NO3-
extractable Cu (mg Cu kg�1 DW) within the field trial.
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green waste) was incorporated to half of the plots in B1-B3 (here-
after referred to as OM2DL), while the remaining plots were not
additionally amended (OMDL), making 4 replicated plots per treat-
ment and per block. The composition of OMDL and OM2DL soil
amendments are detailed in Mench et al. (2018). The plot from
B4 remained unamended throughout the whole study (UNT). All
plots were cultivated with an annual tobacco-sunflower rotation
since 2008.
2.2. Soil sampling and physicochemical characterization

In March 2017 (year 9) four soil samples were collected from
the topsoil (0–10 cm) of each plot with a stainless sampling cylin-
der (ø 3.6 cm � 11.5 cm). Once fresh weight was determined for
soil bulk density, the four replicated samples were combined to
produce a composite soil sample (1 kg fresh weight, FW) for each
plot of B1-B3, while the four samples from the UNT plot in B4 were
treated as separate samples, making a total of 28 samples for anal-
ysis. Then, samples were air-dried, sieved at 2 mm and manually
homogenized. Subsamples (150 g FW) for soil microbial analysis
were stored fresh at �20 �C until analysis. Element concentrations
in soil samples, determined using ICP-AES, and other physicochem-
ical parameters were analysed following standard methods and
standard quality assurance employed by INRA LAS, Arras, France
(2014) (Mench et al., 2018).
2.3. DNA extraction and sequencing, and bioinformatic analysis

DNA was extracted from soil samples (0.25 g dry weight, DW)
using Power SoilTM kits (Mo Bio). Prior to DNA extraction, soil sam-
ples were washed twice in 120 mM K2HPO4 (pH 8.0) to remove
extracellular DNA (Kowalchuk et al., 1997).

Metabarcoding (amplicon) library preparations were carried
out using a dual indexing approach (Lanzen et al., 2016). Briefly,
the V3-V4 hypervariable region of the small subunit ribosomal
RNA (SSU rRNA) was amplified from prokaryotes using the primers
519F (CAGCMGCCGCGGTAA) adapted from Ovreås et al. (1997),
and 806R (GGACTACHVGGGTWTCTAAT) from Caporaso et al.
(2012). Adapter-linked primer pairs were used during a first PCR,
followed by cleaning and a second PCR with adapters linked to
sample-specific barcodes. Pair-ended sequencing was carried out
using an Illumina MiSeq with the V2 kit at Tecnalia Corporation
(Miñano, Spain).

Sequence read-pairs were quality-filtered and overlapped using
vsearch (default parameters; Rognes et al., 2016) and resulting
sequences trimmed to remove N5 and primer sequences, using
cutadapt (Martin, 2011). Sequences were then truncated to 253
nt using vsearch, removing shorter sequences or those low quality
based on expected incorrect read calls (fastq_maxee = 0.5). All
quality-filtered overlapped sequences were then clustered into
OTUs using Swarm v2 (Mahé et al., 2015). Singleton Swarm OTUs
were removed and the remaining subjected to both de novo and
reference based chimera filtering (with the rdp_gold reference
database), using vsearch (UCHIME algorithm). Remaining Swarm
OTUs were further clustered into fixed similarity OTUs, taking into
account total read abundances, and using a maximum sequence
divergence threshold of 3%, again using vsearch (Rognes et al.,
2016). OTU abundances were obtained by mapping reads back to
the representative OTU sequences.

Taxonomic classification was carried out by aligning represen-
tative OTU sequences to the SilvaMod database (v128) using blastn
(v.2.2.25 + task megablast) and the LCAClassifier of CREST (default
parameters; Lanzén et al., 2012; https://github.com/lanzen/
CREST). Unclassified OTUs below the alignment threshold and
those classified as belonging to eukaryotic organellar rRNA were
excluded from further analysis.

2.4. Bioinformatic and statistical analysis

The effect of soil treatments on soil physicochemical properties,
diversity indices, and relative abundance of classified bacterial taxa
(per phylogenetic level) was assessed by means of one-way analy-
sis of variance (ANOVA) using R. When significant differences
occurred between soil treatments, multiple comparisons of mean
values were made using post-hoc Tukey HSD test. A high variance
in sequencing depth (number of reads) occurred between samples,
indicating that total OTU richness may not be an unbiased measure
of a-diversity in our study. Therefore, rarefied richness was evalu-
ated, using the read number of the smallest included dataset (7850
reads), along with Shannon (H0) and Simpson diversity indices. The
influence of soil treatments on a-diversity indices was further
assessed accounting for the considerable variability in soil Cu
across the replicated plots (Fig. 1): (i) taking total soil Cu as co-
variable, by means of analysis of covariance (ANCOVA) and (ii) con-
sidering only plots with similarly higher values of total soil Cu in
the analysis, i.e. B3 and B4, by means of ANOVA. Even though total
soil Cu does not directly reflect the bioavailable fraction subject to
interact with organisms, values of 1 M NH4NO3-extractable Cu in
the UNT plot were far beyond the range of variability of values
from OMDL and OM2DL plots (Fig. 1b), making this parameter
unreliable, both as co-variable and categorizing factor, for the com-
parison of a-diversity metrics among soil treatments.

https://github.com/lanzen/CREST
https://github.com/lanzen/CREST
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Multivariate statistics, calculation of diversity indices and visu-
alization of the amplicon sequencing data was performed using the
R package vegan (Oksanen et al., 2019). Function decostand was
used to transform OTU distributions into relative abundances.
Bray-Curtis dissimilarity matrices comparing community composi-
tion between samples were calculated, as described by Lanzén
et al. (2016), and were subsequently used to perform non-metric
multidimensional scaling (NMDS) with function metaMDS. These
matrices were also used to assess the significance of the effect of
soil treatments on the composition of microbial communities by
means of permutational multivariate analysis of variance
(PERMANOVA).

We also explored the relationship between soil microbial com-
munities and changes in soil physicochemical properties induced
by soil treatments. Firstly, a selection of soil physicochemical
parameters was fitted to the resulting NMDS space using the func-
tion envfit. We used analysis of similarities (ANOSIM) based on
Bray-Curtis dissimilarities to evaluate the significance of the influ-
ence of soil physicochemical properties on soil microbial composi-
tion. These correlation analyses were subjected to Bonferroni
correction and not reported unless p < 0.05 after correction. Only
significantly correlated physicochemical properties were used in
further analyses. In parallel, function bioenv was used to find the
subset of physicochemical parameters that together showed max-
imum correlation with community dissimilarity. Secondly, multi-
variate analyses were performed by means of redundancy
analysis (RDA) and variation partitioning analysis, using Canoco 5
(ter Braak and Šmilauer, 2012), with physicochemical properties
and (i) a-diversity metrics, and (ii) abundance of the main bacterial
taxa, at class level, that showed significant differences due to soil
treatments.

3. Results

3.1. Analysis of soil microbial a-diversity

In total, amplicon sequencing resulted in 1,042,643 16S rRNA
reads, which clustered into 10,164 OTUs, after quality filtering
and removal of singletons. No direct correlation between soil treat-
ments and a-diversity estimates could be identified (Table 1).
Accounting for the background influence of soil Cu variability
among the plots showed that soil treatments did not significantly
affect a-diversity metrics either (Fig. 2). An interaction between
soil treatment and total soil Cu was found for Shannon diversity
index, corroborating that its values increased in the OM2DL plots
with increasing levels of total soil Cu, while they decreased in
the OMDL and UNT plots. When considering only plots with simi-
larly higher soil Cu levels, higher values of Shannon diversity were
also found in the OM2DL plots (Supplementary Table 2), reflecting
the influence of this soil treatment on microbial diversity.

3.2. Analysis of soil microbial composition

PERMANOVA analysis of Bray-Curtis dissimilarities revealed a
significant effect of the soil treatments on the composition of soil
Table 1
Values of amplified reads and a-diversity metrics per soil treatment (Mean
values ± standard deviation). Values followed by different letters are significantly
different (P < 0.05) according to Tukey’s test.

UNT OMDL OM2DL

Reads 10956 ± 1092a 46058 ± 32597a 40557 ± 33994a

Rarefied richness 1736 ± 148a 1862 ± 87a 1891 ± 113a

Shannon index (H0) 6.57 ± 0.15a 6.70 ± 0.11a 6.75 ± 0.12a

Simpson index 0.996 ± 0.001a 0.996 ± 0.000a 0.997 ± 0.001a
microbial communities (Table 2), the post-hoc analysis corroborat-
ing significant differences in microbial composition between the
soil treatments. This is illustrated by the NMDS ordination space
(Fig. 3), which shows the clustering of soil microbial communities
according to soil treatments. Consistently, the ANOSIM analysis
also confirmed the composition discrimination driven by soil treat-
ments (R = 0.68; P = 0.001). Based on the NMDS plot, the bacterial
communities of OMDL and OM2DL plots clustered more closely,
clearly separated from the UNT ones. This is corroborated by
Bray-Curtis dissimilarities average values between soil treatments
(mean ± SD; 0.62 ± 0.16 for OMDL-OM2DL, 0.71 ± 0.11 for OMDL-
UNT, 0.70 ± 0.11 for OM2DL-UNT), indicating that the microbial
composition of UNT soils is most different as compared to that
from amended soils.

3.3. Analysis of soil microbial structure

Bacteria dominated the soil microbial community, representing
98.9–99.6% of the quality-filtered reads, whereas archaea
accounted for only 0.4–1.0% (Supplementary Table 3). About 99,
98 and 83% of the 16S rRNA amplicons could be taxonomically
classified to phylum, class and order level, respectively, resulting
in 23 phyla, 61 classes and 76 orders. Fig. 4 illustrates the relative
abundance of the most abundant taxa at class level. Among them,
Alphaproteobacteria, Betaproteobacteria, Gammaproteobacteria and
Deltaproteobacteria, which belong to phylum Proteobacteria,
accounted for 39–47% of the total amplified amplicons dominating
microbial communities in all plots, followed by classes belonging
to phyla Acidobacteria (14–16%), Bacteroidetes (9–11%) and Acti-
nobacteria (7–10%). Remaining predominant classes fell within
phyla Verrucomicrobia (4–5%), Planctomycetes (4–5%), Chloroflexi
(3–6%), Gemmatimonadetes (3–4%), Firmicutes (1–2%) and Epsilon-
bacteraeota (1%).

Out of the resulting classified microbial taxa, 13 phyla, 32
classes and 42 orders showed significant differences in their rela-
tive abundance due to soil treatments (Supplementary Table 3).
Overall, the abundance of bacteria showed a trend to increase in
amended pots, while archaeal population, represented mainly by
the class Nitrososphaeria, significantly decreased to less than half
in the OM2DL plots. Taking a closer look at class level (Fig. 5), soil
amendments, particularly in the OM2DL soils, increased the popu-
lation of Aphaproteobacteria, while Thermoleophilia (phylum Acti-
nobacteria), Blastocatellia (Acidobacteria), Spartobacteria
(Verrucomicrobia) and Desulfurellia (Epsilonbacteraeota) increased
mainly in the OMDL soils. Soil amendments resulted in a reduction
of the less predominant bacterial groups mostly belonging to phyla
Planctomycetes, Chloroflexi and Gemmatimonadetes, as well as
classes Cytophagia (phylum Bacteroidetes), OPB35 soil group (Verru-
comicrobia) and Acidobacteriia (Acidobacteria).

3.4. Relationship between soil physicochemical and microbial
properties

The influence of soil treatments on soil microbial communities
was further explored through changes in physicochemical soil
properties. Soil CEC, total and organic soil C, total N and total P
influenced microbial diversity, being correlated to richness and
Shannon diversity index (Supplementary Fig. 1; F = 2.6, P < 0.05;).
Based on microbial composition, most physicochemical soil
parameters strongly correlated to the NMDS ordination space
(Table 3): soil CEC, WHC, total N and organic C, followed by total
C, pH, Olsen’s extractable and total P, correlated with microbial
communities from amended soils, mainly the OM2DL ones; while
total and extractable soil Cu correlated with those from the UNT
soils (Fig. 3). BIOENV analysis indicated that microbial community
dissimilarity is best explained by a combination of total and



Fig. 2. Influence of soil treatments on a-diversity indices, assessed using ANCOVA, considering total soil Cu concentration as co-variable. Probability values from ANCOVA (ns:
non-significant; * represents significance of P < 0.05) for rarefied richness: amendment, ns; soil Cu, ns; amendment � soil Cu, ns; Shannon diversity index: amendment, ns;
soil Cu, ns; amendment � soil Cu, *; and Simpson diversity index: amendment, ns; soil Cu, ns; amendment � soil Cu, ns.

Table 2
(a) Effect of soil treatments, total soil Cu, and their interaction, and (b) pair-wise comparisons between soil treatments, on the composition of soil microbial communities,
assessed using PERMANOVA (asterisks represent strength of significance).

Df F R2 Pr(>F)

a Amendment 2 7.0002 0.3327 0.001 **
Soil Cu 1 4.7321 0.1124 0.001 **
Amendment � Soil Cu 2 1.1723 0.0557 0.252
Residuals 21

b OMDL – OM2DL 22 7.886 0.273 0.006 **
OMDL – UNT 15 18.0655 0.5633 0.006 **
OM2DL – UNT 14 27.5414 0.6793 0.006 **

Df: degree of freedom; F: Fisher value; R2: coefficient of determination; Pr: probability value.

Fig. 3. Non-metric multidimensional scaling (NMDS) based on Bray-Curtis dissim-
ilarities of the composition of soil microbial communities. Fitted physicochemical
soil parameters with significant correlation to the multidimensional NMDS space
are included. Tot_N: total N; Tot_P: total P; P_Olsen: Olsen’s extractable P; Tot_Cu:
total Cu; Ext_Cu: 1 M NH4NO3-extractable Cu; Tot_C: total C; OC: organic C; WHC:
water holding capacity; CEC: cationic exchange capacity.
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Olsen’s extractable P, total and extractable soil Cu, and soil WHC
(R = 0.78). Regarding the influence of soil physicochemical proper-
ties on soil microbial structure, most soil physicochemical param-
eters positively correlated with Alphaproteobacteria, whereas taxa
belonging to phyla Gemmatimonadetes, Planctomycetes and Chlo-
roflexi, and archaea correlated with parameters related to soil Cu
contamination, i.e., total and NH4NO3-extractable soil Cu (Fig. 6).
4. Discussion

Phytomanagement of metal-contaminated soils combines phy-
toremediation options with a sustainable site management, aiming
at recovering soil functions and ecosystem services, as well as
achieving effective risk management (Kidd et al., 2015; Cundy
et al., 2016). After 9 years of phytomanagement in this field trial,
Mench et al. (2018) reported a long lasting positive effect of soil
amendments and annual plant cultivation on the improvement of
soil physicochemical properties and the reduction of Cu availability
(Supplementary Table 1). In addition to the nutrient incorporation,
this allowed a higher production for sunflower and tobacco crops
in amended plots, when the annual climatic conditions (i.e. spring
and summer drought, heat waves) were not challenging it (Kolbas
et al., 2011; Mench et al., 2018). Shoot Cu concentrations of OMDL
and OM2DL plants fitted into their common range and can be used
by biomass processing technologies and oilseeds as well. Several
other studies performed at this site, assessed through chemical
and ecotoxicological assays, also corroborated the effectiveness
and sustainability of phytomanagement options for the remedia-
tion of Cu-contaminated soils (Kolbas et al., 2011; Kumpiene
et al., 2011; Marchand et al., 2011; Hattab-Hambli et al., 2016;
Oustriere et al., 2016; Mench et al., 2018). Likewise, other studies
at this site have evaluated soil microbial properties of activity, bio-
mass and diversity to provide further knowledge on the influence
of these remediation options on the recovery of soil functions
(Touceda-González et al., 2017b; Xue et al., 2018). Here, we con-
tribute to assess the long-term effect of phytomanagement on soil
microbial communities with a metabarcoding approach.



Fig. 4. Average relative abundance of the main microbial taxa, at class level, per soil treatment.

Fig. 5. Heat map based on relative abundance of the top 15 microbial taxa, at class level, that showed significance differences among soil treatments.

6 A. Burges et al. / Science of the Total Environment 700 (2020) 134529
4.1. Effect of phytomanagement on microbial a-diversity

As previously reported for this field trial (Kolbas et al., 2011;
Hattab-Hambli et al., 2016; Mench et al., 2018), both total and
extractable soil Cu displayed an increasing gradient across the
plots, from B1 to B4. This spatial variability in soil Cu contamina-
tion, mainly attributed to variability in cumulative wood washings
resulting from long-term storage of preserved wood (Oustriere
et al., 2016; Mench et al., 2018), may account for a large part of
the variance in a-diversity metrics among soil treatments, leading
to no significant differences. Nevertheless, when we took into
account the background influence of total soil Cu variability across



Table 3
Correlation of physicochemical soil properties to NMDS coordinates (asterisks
represent strength of significance).

R2 Pr(>r)

CEC 0.630 0.001 ***
Water Holding Capacity 0.620 0.001 ***
Total N 0.593 0.001 ***
1 M NH4NO3-extractable Cu 0.544 0.001 ***
Total Cu 0.541 0.001 ***
Organic C 0.519 0.001 ***
Total C 0.496 0.001 ***
pH 0.459 0.002 **
Olsen’s extractable P 0.367 0.003 **
Total P 0.312 0.013 *

R2: coefficient of determination; Pr: probability value.

Fig. 6. Biplot of redundancy analysis (RDA) performed between soil physicochem-
ical properties and relative abundance of the main microbial taxa, al class level,
considering only taxa showing significant differences in their abundance due to soil
treatment (F = 3.0, P < 0.01). RDA1 and RDA2 account for 29 and 15% of the total
variance, respectively. Tot_N: total N; Tot_P: total P; P_Olsen: Olsen’s extractable P;
Tot_Cu: total Cu; Ext_Cu: NH4NO3-extractable Cu; Tot_C: total C; OC: total organic
C; WHC: water holding capacity; CEC: cationic exchange capacity.
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the plots (Fig. 2), no significant effect of the soil treatments on
microbial diversity was observed either.

Focusing on plots with higher soil Cu contamination, the
OM2DL treatment had a stimulating effect on microbial diversity,
only reflected in higher Shannon values. In fact, Shannon and
Simpson indices are diversity metrics that account for both rich-
ness and evenness (Bent and Forney, 2008), being more sensitive
to changes in microbial populations than only richness-based met-
rics. Interestingly, the response of microbial diversity to the
renewed compost application in the most contaminated plots fol-
lowed the same pattern as crop yield: plant biomass in the OM2DL
plots remained steady as levels of total soil Cu increased, whereas
it decreased in the OMDL plots (Mench et al., 2018). Plant biomass
can strongly affect and promote soil microbial communities
(Epelde et al., 2010) and enhance microbial diversity (Burges
et al., 2017). Root exudates are an excellent source of energy and
nutrients for soil microorganisms, and differences in their amount
and quality, due to changes in plant biomass, induce changes in soil
microbial diversity (Lucisine et al., 2014; Lopez et al., 2019).
Accordingly, the renewed compost application may have counter-
balanced the detrimental effects of the increasing levels of total
soil Cu on microbial diversity, partly by promoting plant growth.
This also demonstrates the benefits to renew compost supply not
just to produce higher yield of annual crops at high total soil Cu
but also to stimulate microbial diversity through the improvement
of soil revegetation.

In any case, no overall effect of soil treatments on microbial
diversity across all plots could be identified. However, considering
the evidence of season variability in soil microbial communities
(Bouskill et al., 2010; Pereira et al., 2014), microbial diversity at
the sampling time (right before the growing season) may not be
corresponding to its full potential. Importantly, we must bear in
mind that diversity is relative and constrained by method of mea-
surement, and without sufficient context it can turn out to be unin-
formative or liable to misinterpretation (Shade, 2016). In addition,
a-diversity metrics are simplified estimations of microbial diver-
sity calculated from the vast amount of data provided by next gen-
eration sequencing techniques. They are still useful tools that
facilitate interpretation of metabarcoding results and provide valu-
able information that could serve as a first step to provide key
insights into underlying ecological processes that drive microbial
community patterns (Shade, 2016). Therefore, it is fundamental
to assess soil microbial composition and structure, along with
microbial diversity, for determining the effect of long-term phy-
tomanagement on soil microbial communities.

4.2. Effect of phytomanagement on the composition and structure of
soil microbial communities

As opposed to a-diversity, compositional analysis showed
higher differences among soil treatments (Fig. 3, Table 2), revealing
information on soil microbial communities not implied by diver-
sity metrics alone. These changes in microbial composition could
reflect the influence of the soil amendments on microbe-
mediated soil ecological processes. For instance, in the same field
trial, 6 years after the application of the OMDL amendment,
Touceda-González et al. (2017b) observed an increase in microbial
biomass and activity, as well as in the abundance of genes involved
in N cycling. Furthermore, organic amendments, like the ones used
here, can increase genes encoding for metal and antibiotic resis-
tance (Caban et al., 2018; Garbisu et al., 2018). At this site, in a field
trial phytomanaged with the OMDL treatment combined with a
mixed stand of willows, poplar and false indigo bush, Xue et al.
(2018) reported higher abundance of functional genes encoding
for resistance to metals and antibiotics. They suggested that this
could be due to proliferation of certain microbial groups caused
by OM mineralization, as well as introduction of exogenous
metal-resistant microbes with the soil amendment.

Compositional analysis also allowed a more comprehensive
interpretation of the effect of soil treatments based on differences
in the chemical composition and application rate of soil amend-
ments. The compost incorporated in both OMDL and OM2DL plots
in year 1 was made with poultry manure and pine bark chips, the
latter known to contain, along with cellulose and xylans, a high lig-
nin content (Vane et al., 2006; Xue et al., 2018). The second com-
post dressing, incorporated in the OM2DL plots in year 6, was
made from green waste and sandy soils (Jones et al., 2016), con-
taining more easily biodegradable OM. Since the biochemical nat-
ure of the plant residue can determine the mineralization rate of
green manures (Tejada et al., 2008), this would certainly shape soil
microbial communities. For instance, 6 years after the incorpora-
tion of the OMDL soil amendment in the field trial phytomanaged
with trees, Xue et al. (2018) reported a stimulation of microbial
functional genes involved in both labile (e.g. cellulose) and recalci-
trant (e.g. lignin and aromatic components) C decomposition. Here,
we hypothesize that by year 9 much of the relatively labile C in the
OMDL soils may be mineralized, with the bulk of soil OM account-
ing for the more recalcitrant forms of C; while the second compost
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dressing, in contrast, contributed with a more recent input of nutri-
ents and easily degradable OM (Oustriere et al., 2016) in the
OM2DL soils. Based on this, we could suggest that the active frac-
tion of the microbes in the OMDL soils may be mainly represented
by decomposers of lignin-rich OM; whereas microbial populations
in the OM2DL soils may have shifted to more easily biodegradable
OM-decomposers.

After 9 years of phytomanagement, plots under different soil
treatments sheltered genetically diverse microbial communities,
reflected in changes in microbial composition (Fig. 3), i.e. the pres-
ence or the absence of microbial taxa. Likewise, organic amend-
ments will inexorably promote the growth of certain microbial
groups in detriment of others, resulting in changes in microbial
structure, i.e. the proportion of the different microbial taxa.

The incorporation of soil amendments, particularly the second
compost dressing, stimulated the growth of several microbial
groups of the class Alphaproteobacteria. Among them, the order Rhi-
zobiales, typically N2-fixing bacteria living in root nodules of
legumes (Hartwig, 1998), was notably abundant in OM2DL plots
where the green waste compost promoted the development of clo-
ver vegetation in winter time (Mench et al., 2018). The OM2DL soil
treatment also increased the populations of Rhodospirillales,
another N2-fixer that can live both free in soil or associated with
the rhizosphere of host plants, and Sphingomonadales, whose sev-
eral members can play various roles in microbe-assisted metal
phytoremediation (Waigi et al., 2017). Another taxon from
Alphaproteobacteria whose abundance was higher in the OM2DL
plots was Caulobacterales, which can be positively influenced by
root exudates, along with Rhizobiales and Sphingomonadales (Shi
et al., 2011). The fact that these taxa are generally associated with
plants may justify their predominance in plots that received the
second compost dressing, where plant biomass was the highest
and contributed to their growth, corroborating that above and
belowground communities are tightly interlinked in many soil pro-
cesses. In addition, Alphaproteobacteria belong to Proteobacteria, a
phylum with great importance to global C, N and S cycling (Spain
et al., 2009; Li et al., 2019), which explains that they are the main
microbial group profiting from the amendment-derived benefits
on soil properties (Fig. 6).

Archaeal populations, on the contrary, decreased with the
incorporation of soil amendments, reflected in the lower abun-
dance of Nitrososphaeria, a class that encompasses several ammo-
nia oxidizing archaea (AOA). At year 6, Touceda-González et al.
(2017b) reported an increase in denitrification genes and urease
activity with the OMDL treatment, whereas no differences in
AOA nitrification genes were found. However, in a phytoextraction
experiment with Sedum alfredii growing on a Cd/Zn contaminated
soil, Luo et al. (2019) observed a decrease in AOA groups belonging
to Nitrososphaeria with successive crops, resulting in a reduction in
the potential nitrification rate and nitrogen loss. They also indi-
cated a negative correlation between the nitrification rate and root
exudates. Accordingly, the lower abundance of Nitrososphaeria
observed here in year 9 in amended plots, along with the higher
plant biomass, could indicate a decrease in the nitrification rate
with time. This, paired with the increase in N2-fixing bacteria, sug-
gests a beneficial effect of the incorporation of soil amendments on
the ecological processes involved in N cycling partly through the
physiological improvement of the annual rotation crop.

The abundance of bacterial taxa belonging to Planctomycetes,
Chloroflexi and Gemmatimonadetes, was also negatively affected
by soil amendments. These phyla are generally abundant in
metal-contaminated soils owing to their tolerance to metal excess,
including Cu (DeBruyn et al., 2011; Chodak et al., 2013; Singh et al.,
2014; Azarbad et al., 2015; Jiang et al., 2019), and contain slow-
growing bacteria adapted to oligotrophic habitats, like Chloroflexi
(Davis et al., 2011; Barton et al., 2014), which enables them to suc-
cessfully occupy extreme environments (Durand et al., 2018). This
may explain that the most predominant groups of these phyla
were favoured by the rather oligotrophic and highly contaminated
conditions of the unamended plots (Fig. 6). The ecological traits
that make these phyla highly adaptive and efficient in oligotrophic,
contaminated soils may put them, however, in disadvantage
against fast-growing bacterial groups, more efficient in competing
under the more favourable conditions of the amended plots.

These results indicate there was a consistency in the direction
and magnitude of the response to soil treatments, both at class
and phylum level. However, the phyla Acidobacteria, Actinobacteria
and Verrucomicrobia include several taxa, e.g. Blastocatellia, Ther-
moleophilia and Spartobacteria, whose abundance increased mainly
in the OMDL plots, demonstrating the long lasting effect of the first
soil amendment; whereas they also include groups, e.g. OP35 soil
group and Acidobacteriia, that decreased. These microbial groups
present a wide range of lifestyle, metal-resistance and metabolic
properties. For instance, Acidobacteria has a diversity of members
with varying tolerance to Cu contamination (Pereira et al., 2014;
Singh et al., 2014) and metabolic activity, with many groups
reported to be degraders of plant-derived-OM, while others, like
Blastocatellia, prefer oligotrophic environments (Navarrete et al.,
2015; Li et al., 2019). Actinobacteria are also a heterogeneous group
among the metabolically active bacteria in metal(loid)-
contaminated soils (Gremion et al., 2004). Verrucomicrobia are rel-
atively abundant in subsurface horizons due to their preference for
rather oligotrophic soils (Bergmann et al., 2011). The ecological
diversity of these microbial groups may account for the divergent
response among their members to soil treatments, which results
in no overall changes at phylum level. As suggested by Spain
et al. (2009), this highlights the detailed resolution and the impor-
tance of subphylum phylogenetic analysis of metabarcoding
datasets.

Finally, the relationship between patterns in physicochemical
and microbial properties demonstrated the influence of soil treat-
ments on soil microbial communities through changes in soil
physicochemical properties. Soil organic amendments can incorpo-
rate OM and available nutrients, reduce metal bioavailability, and
modify pH and other physicochemical properties (Alvarenga
et al., 2009a,b; Epelde et al., 2009), that strongly affect microbial
communities. pH has often been highlighted as a most important
factor in metal-contaminated soils as it highly affects metal mobil-
ity, as well as availability of nutrients, soil OC and OM, N, etc.
(Kumpiene et al., 2011; Jiang et al., 2016, 2019; Mench et al.,
2018). However, the pH effect here was rather limited and nutri-
ents level, OM, water holding capacity or CEC would influence soil
microbial communities in a greater way (Fig. 3; Table 2; Fig. 6;
Supplementary Fig. 1). Indeed, Xue et al. (2018) reported the ame-
lioration of soil properties such as nutrient content and aggregate
formation as major drivers of soil biochemical activity.

In any case, the reported influence of the soil treatments was
mainly reflected in microbial composition and structure, in the
same way that other studies have reported that soil metal contam-
ination had more impact on compositional and structural diversity
than on diversity metrics per se (Pereira et al., 2014; Azarbad et al.,
2015; Epelde et al., 2015; Jiang et al., 2016). This sensitive response
of microbial composition and structure may be reflecting an even-
tual positive influence on soil ecological processes, such as N
cycling, demonstrating the potential benefits of phytomanagement
on Cu-contaminated soils even in the long-term. Based on this, the
monitoring of soil microbial functional genes, along with composi-
tional and structural diversity, should be considered for evaluating
the effectiveness of long-term phytomanagement in Cu-
contaminated soils, like this site. Lastly, and considering that Cu
is a well-known fungicide (Singh et al., 2014), the composition
and structure of fungal communities should also be assessed.
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5. Conclusions

The long-term phytomanagement of Cu-contaminated soils,
based on a crop rotation with tobacco and sunflower and the incor-
poration of compost with dolomitic limestone (compost dressing
being renewed or not in year 6), contributed to shift the composi-
tion and structure of soil microbial communities in year 9, even
though it had no effect on microbial diversity This phytomanage-
ment option induced changes in soil physicochemical properties
in the long term that led to genetically diverse microbial commu-
nities even 9 years after the compost application. The input of
organic matter and nutrients, the reduction in Cu availability and
the improvement of soil properties, particularly with the renewed
compost application in year 6, enhanced the growth of specific soil
microbial groups, which are involved in different soil ecological
processes. The stimulation of plant biomass in the amended plots,
induced by the direct and indirect effects of amendments on soil
quality, also contributed to shape soil microbial communities. Fur-
ther research is needed to determine the long-term sustainability
and effectiveness of phytomanagement in Cu-contaminated soils
by (i) monitoring microbial functional diversity, (ii) assessing also
the genetic structure of soil fungal communities, (iii) evaluating
the influence of temporal variability through the sampling of plots
during and after the growth season, and (iv) exploring the relation-
ship between above and belowground communities through the
assessment of plant physiological status.
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